ABSTRACT
Introduction
According to standard cosmology, light elements ( 2 H, 3 He, 4 He and 7 Li) were synthesized, starting from protons, during the initial hot and dense phase of the evolution of the Universe. The yields of this primordial nucleosynthesis depend on the baryonto-photon ratio η, a cosmological parameter not constrained by first principles.
The remarkable constancy of the Li abundance, observed in warm, unevolved metal-poor stars of different effective temperature and metallicity -the so-called "Spite plateau" (Spite & Spite, 1982a,b) has long been interpreted as a signature of big bang nucleosynthesis and a tool for measuring the baryonic density of the Universe (see Spite & Spite, 2010; Steigman, 2010) .
However, the baryonic density η has been measured with unprecedented precision, from the fluctuations of the cosmic microwave background, by the WMAP satellite (Cyburt et al., 2008, hereafter C08) . Coupled with the prediction of the standard big bang nucleosynthesis (SBBN) theory, this measurement implies a primordial Li abundance a factor of three to four higher than the Spite plateau. This discrepancy is often referred to as the "cosmological lithium problem".
Many solutions for this discrepancy have been proposed, including new physics at the time of the big bang (Jedamzik, 2004 (Jedamzik, , 2006 Jittoh et al., 2008; Hisano et al., 2009) , astration in the pristine Galaxy (Piau et al., 2006, hereafter P06) , and turbulent diffusion to deplete lithium in the stellar atmospheres (Richard et al., 2005) .
A fresh look at the problem can be afforded by the study of lithium in metal-poor populations of external galaxies. Theories such as that of P06 can be immediately tested and also theories that invoke stellar phenomena can be constrained by the observation of systems that have experienced different star formation histories.
The ω Centauri stellar system is commonly considered as the remnant of a dwarf galaxy accreted by the Milky Way (e.g., Zinnecker et al., 1988; Freeman, 1993; Carraro & Lia, 2000) . The complexity of its color-magnitude diagram (e.g. Lee et al., 1999; Pancino et al., 2000; Sollima et al., 2005a; Villanova et al., 2007) clearly testify the existence of multiple stellar populations, spanning a sizeable range in metallicities (−0.6 <[Fe/H]< −2.1, Pancino et al. 2002; Sollima et al. 2005b; Villanova et al. 2007) .
In this Letter, we present the first measurements of the lithium content in a conspicuous sample of main-sequence and early sub-giant branch (MS/SGB) stars in ω Cen.
Observations and data reduction
We selected targets at the turn-off and sub-giant branch level of ω Cen, mainly using the high precision FORS/VLT photometry of Sollima et al. (2005a, hereafter S05) and data from the spectroscopic survey of Villanova et al. (2007, hereafter V07) . Ten targets were selected to trace the so-called SGB-a (S05). Target stars are shown in Fig. 1 , superimposed on the wide field photometry of Bellini et al. (2009, hereafter B09) . The MS targets selected from S05 cover a more central area. For these stars, we use in Fig. 1 the original S05 photometry corrected for the zeropoint difference between B09 and S05 at the magnitude level of interest.
Observations were taken on three nights of 27-29 April 2007 using the FLAMES/VLT spectrograph at ESO Paranal. The fibers in Medusa mode fed the GIRAFFE spectrograph, configured in the HR15n setting, which covers both H α and the Li i resonance doublet at 670.8 nm at a resolution of 17 000. The same plate configuration was observed for all three nights, with integration times between one hour and slightly over two hours. One additional plate configuration was observed, which has a partial overlap with the main plate configuration. We thus achieved a total integration time of between 17 and 19 hours for most of our MS/SGB and SGB-a stars. Frames were processed using version 2.13 of the FLAMES/GIRAFFE data reduction pipeline 1 . A total of 17 fibers were allocated for sky subtraction on each plate. The average of the sky fibers closer to each star was subtracted from the science spectra. The standard IRAF 2 task fxcor was employed to measure the star's radial velocities by cross-correlating the spectra with a synthetic one of similar atmospheric parameters. Correction to the heliocentric system were computed using the IRAF task rvcorrect and applied to the observed radial velocities. After being reduced to rest frames, multiple spectra of the same target were finally averaged. Typical errors of ∼1.2 kms −1 are derived from repeated measurements of the stellar radial velocity. We end-up with a total of 178 cluster members providing a mean cluster heliocentric velocity and dispersion of v ⊙ =233.8 kms −1 and σ=10.9 kms −1 . These values are in good agreement with FLAMES-GIRAFFE/VLT measures presented by Pancino et al. (2007, hereafter P07, v ⊙ =233.4 kms −1 ; σ=13.2 kms −1 ) for a sample of 649 ω Cen giants. Given the significant cluster rotation, a more detailed comparison should take into account the number of stars sampled in each cluster region.
In the following, we consider only stars with repeated observations. All of them (91 MS/SGB, 10 SGB-a) have radial velocities within 3 σ of the cluster motion as derived above. After data reduction, we obtained averaged spectra for these stars with signal-to-noise ratios (S/N) in the range 30 to 90 with a mean around 60. Stars without repeated observations have a too low S/N, which make them unhelpful for the present analysis. Spectra for a subsample of stars with measured lithium abundance are presented in Fig. 2. 
Abundance analysis
We derived stellar lithium abundances from the equivalent width (EW) of the Li i resonance doublet at ∼6708 Å . The EWs were measured by fitting synthetic profiles, as done in Bonifacio et al. (2002) . When we could not detect the Li line, we estimated an upper limit given by 2σ EW , where σ EW was estimated using the Cayrel formula (Cayrel de Strobel & Spite, 1988) . Abundances were then derived by iteratively computing synthetic profiles until the EW of the Li doublet matched the measurements. For each star, synthetic spectra are calculated using the SYNTHE code along with an appropriate one-dimensional ATLAS-9 model atmosphere (Sbordone et al., 2004; Sbordone, 2005; Kurucz, 2005) . The effective temperature of the stars was determined by fitting the wings of the H α line. The theoretical profiles were computed with a modified version of the BALMER code 3 , which uses the self-broadening theory of Barklem et al. (2000a,b) and the Stark broadening given by Stehle & King (1999) . We assumed log g = 4.0 and a metallicity of [Fe/H]=-1.5 for all stars, thus ignoring the dependence of the Balmer line profiles on both metallicity and surface gravity. A microturbulent velocity of 1 kms −1 was assumed. This, like the assumed surface gravity and metallicity, have effects of a few hundredths of dex on the derived Li abundance. This is totally negligible in the current context. Our S/N ratios are sufficiently high to ensure that the error in the Li abundances is totally dominated by the uncertainty in the effective temperatures. The latter is on the order of 150 K and is dominated by the uncertainty in the correction of the blaze function of GIRAFFE. Our estimated internal uncertainty in the Li abundance is 0.1 dex.
For none of the SGB-a stars did we detect the Li doublet. For these stars, we derived upper limits in the range A(Li) 4 <0.9-1.5 dex. Owing to their cool temperature (T eff ≤5650 K), some level of lithium depletion is, however, actually expected for these stars. From a sample of 91 RGB/SGB stars, we could measure the Li abundance of 52, and for the remaining 39 we provide upper limits. The mean value was found to be A(Li)=2.19 with a dispersion of 0.14 dex. When we, instead, adopt effective temperatures based on the V-I color (Alonso et al., 1996) the mean Li abundance and dispersion we obtain are identical to the above figures within the errors, i.e. A(Li)=2.17±0.12. We used a reddening of E(B-V)=0.11 (Lub, 2002) .
The spectral region covered by our observations is not rich in metallic lines. Nevertheless we used the available Fe i and Ca i lines to estimate the metallicity of the stars, assuming [Ca/Fe]=+0.4. For the stars in common, we find a rather good agreement with the results of V07, although we obtain slightly lower metallicities on the order of ∼0.1 dex. In the online material we report, coordinates, effective temperatures, [Fe/H], A(Li), and the equivalent width of the Li line for the target stars.
Discussion and conclusions
We have either measured or derived upper limits to the Li abundances of 91 MS/SGB stars in the ω Cen stellar system. We have also estimated upper limits for 10 stars belonging to the so-called SGB-a.
Our results for MS/SGB stars are summarized in Fig. 3 . The ω Cen stars lie on the Spite plateau, well below the value implied by the WMAP measurement coupled with the SBBN the- ory. Comparison with the Galactic field stars on the same effective temperature scale (Sbordone et al., 2010) shows that ω Cen stars occupy the same zone as the Galactic ones, in both the A(Li)-T eff and the A(Li)-metallicity planes. There are no obvious trends in Li abundance with temperature (upper panel) or metallicity (lower panel) and upper limits are not confined to any particular metallicity. The average lithium abundance of stars fainter than V=17.8 (i.e., MS stars) is, however, slightly lower than that of brighter stars (i.e., early SGB stars) which are 0.06 dex richer: A(Li) V<17.8 =2.22±0.12 (30 stars); A(Li) V>17.8 =2.16±0.17 (22 stars). This is similar to what is observed in the globular cluster NGC 6397 and in the field (González Hernández et al., 2009; Charbonnel & Primas, 2005) and may indicate a dependence of the Li content on the evolutionary state. The absence of stars with high Li abundances suggests that stars in our sample were not (significantly) polluted by lithium produced in asymptotic giant branch (AGB) stars by the Cameron & Fowler (1971) mechanism.
We have a large number of upper limits, but only 3 stars are at 3σ from the mean lithium abundance and 10 at 2σ. If ω Cen has a He-rich population (Norris, 2004; Piotto et al., 2005) , we can expect this population to be essentially Li-free, since at the high temperatures necessary for He production, Li is completely destroyed. Higher S/N observations are required to robustly assess the number of Li-depleted stars, yet it is clear that if these stars belong, indeed, to a He-rich population, then a Li-normal, and by inference also He-normal, population of the same metallicity, also exists. The Spite plateau of ω Cen appears indeed to be uniformly populated at all metallicities sampled in the present analysis.
Globular clusters are known to display light elements abundance variations down to the turn-off (Carretta et al., 2009 ). In NGC 6752, 47 Tuc and perhaps NGC 6397, the Na-O anticorrelation is accompanied in MS by a Na-Li anticorrelation (Pasquini et al., 2005; Bonifacio et al., 2007; Lind et al., 2009 ). Some of the stars for which the Li line was not detected may indeed be Na-rich. On the other hand, the spread observed in the measured Li abundances is compatible with the analysis uncertainties.
Based on the hypothesis that ω Cen is the remnant of an accreted dwarf galaxy, we can conclude that:
-the Spite plateau also exists in other galaxies; -the mechanism(s) causing the "cosmological lithium problem" is(are) the same in the Milky Way and other galaxies.
The second conclusion is the simplest and most reasonable scenario we may envisage at the present stage but it clearly requires confirmation by Li measurements in additional external galaxies.
Solutions to the "cosmological lithium problem" that propose a special evolution for the Milky Way halo are disfavored by our results. To reconcile the primordial value with the current observed Spite plateau level, the astration model (P06) requires one third to one half of the Galactic halo (∼ 10 9 M ⊙ ) to have been processed through a generation of massive stars that effectively depleted lithium. However, ω Cen has a different type, mass, and has likely experienced a different evolution from the Milky Way. A fine tuning of the mass fraction processed through massive stars would be required for this different galaxy to end up with Li abundances similar to those of Milky Way stars.
In contrast, models based on cosmological simulations predict the formation of the Milky Way halo by the assembly of a large number of sub-units (see, e.g., Bullock & Johnston, 2005) . The similar Li content of old metal-poor stars in the halo and in ω Cen may, indeed, favor the hierarchical merging paradigm. What fraction of the stellar population in the Galaxy halo could have been built-up by this mechanism is still, however, a matter of debate. The chemical composition of the oldest, most metalpoor stars in the Milky Way dwarf satellites indeed provides conflicting evidence in this respect (Monaco et al., 2007; Aoki et al., 2009; Frebel et al., 2010) .
It has been suggested that ω Cen may be the remnant of the nucleus of a, now destroyed, dwarf galaxy that had hosted a globular cluster (GC) at its center (Bellazzini et al., 2008; Carretta et al., 2010) . ω Cen would then be a system similar to the GC M 54 plus the nucleus (SgrN) of the Sagittarius dwarf spheroidal galaxy (Sgr dSph) at whose center it lies. In this scenario, part of the ω Cen stellar population would belong to the former galaxy, and the remaining part to the GC residing at the nucleus center. While we cannot clearly identify with either origin, both type of stars would, in any case, be of extra-galactic origin. As for M 54 (Monaco et al., 2005; Bellazzini et al., 2008) , the position of ω Cen at the bottom of a galaxy potential well, strongly implies that the GC originates within the galaxy.
Our observations also have an impact on theories invoking stellar atmospheric phenomena, such as diffusion (Richard et al., 2005) . It has been shown that diffusion alone is unable to simultaneously reproduce the level of depletion observed in field stars for Li, Be and B (Boesgaard et al., 1998) . The inclusion of internal gravity wave, on the other hand, has proven successful in reproducing both the solar rotation profile and the lithium abundance vs age trend observed in open clusters (Charbonnel & Talon, 2005) . Unfortunately, similar models are still lacking for populations II stars. Diffusion associated with turbulent mixing has been proposed as a likely solution to the cosmological lithium problem (Korn et al., 2006) . Recent observations, however, cast serious doubts on this hypothesis (González Hernández et al., 2009) .
These phenomena are time dependent. Since the age spread of the Galactic halo is very small, however, models cannot be constrained by the observations of halo dwarfs at the Spite plateau. The true age spread in ω Cen and within each of its subpopulations remains a matter of lively debate. Several studies (Hughes et al., 2004; Sollima et al., 2005b; Stanford et al., 2006) concluded that ω Cen enriched itself on a timescale <2-5 Gyr, with each subpopulation being essentially coeval within the uncertainties implied in the analysis (∼1.5 Gyr, see, e.g., Sollima et al., 2005b) . On the other hand, Johnson et al. (2009) presented evidence of different degrees of s-process enrichment among stars in the metal-poor population, which is the one sampled in the present analysis. This implies a time span of 0.1-3 Gyrs (Schaller et al., 1992) for 1.5-3.0 M ⊙ AGB stars to pollute part of the metal-poor group, depending on the true mean mass of the AGB population. Further evidence comes from the relative ages derived from color-magnitude diagrams, combined with spectroscopic metallicities (V07), which infer an age range of ∼6 Gyr over the whole ω Cen metallicity range. For the 35 stars in common with the present study, the age spread is 5.6 Gyr, of which 31 have an age spread of ∼2.5 Gyr.
Coupled with our results, we can conclude that theories invoking time-dependent phenomena should prescribe a constancy of the lithium abundance (at the level of the observed dispersion, i.e. 0.14 dex) over a timescale comparable to the above ranges. Table 1 . Basic data for MS/SGB stars studied in this paper. For each star, we report ID, coordinates, the Li line EWs and errors, and the lithium abundances. The spectra signal-to-noise, H α -based effective temperatures, and the estimated [Fe/H] and its errors are also reported. For three stars, no [Fe/H] was estimated. These stars were not plotted in the bottom panel of Fig.3 . Table 2 . Basic data for SGB-a stars studied in this paper. For each star, we report ID, coordinates, and the derived upper limits to the lithium abundances. The spectra signal-to-noise and the H α -based effective temperatures are also reported. A metallicity of [Fe/H]=-1.5 was assumed.
